Abstract: Many agropastoral systems worldwide are supported by important linkages between crop production and rangeland grazing. We explored the connections between smallholder farming and public rangeland grazing in northern New Mexico, USA. We retrieved historical data of livestock inventories, drought, and hay production which we analyzed using either ordinary least squares models, generalized autoregressive conditional heteroscedasticity models (GARCH), or exponential GARCH models. We also conducted a survey of farmers and ranchers (n = 74) of traditional communities in our study area using a mixed methods design. County hay production was the only predictor that explained year-to-year variation in allotment livestock numbers. Allotments that increased livestock numbers tended to have larger base properties (mostly irrigated cropland). Most survey respondents (95%) raised livestock and slightly more than half agreed that livestock provided better financial security than crops. Availability of summer grazing lands and ability to grow or purchase hay to feed livestock during winter were the factors cited least (6% of responses) and most (42%), respectively, as limiting farmers' ability to increase their herd size. Livestock-raising apparently continues to be critical to the acequia agropastoral economy. Ability to acquire winter feed (hay) appears to regulate the demand for summer grazing on public forested rangelands.
Introduction
Roughly half of the world's food is produced by smallholder agropastoralists who grow crops on small parcels of land and use native rangeland and crop residues to raise a few head of livestock [1] . In many of these systems, livestock serve the purpose of alleviating poverty [2] , particularly in family-based subsistence agriculture [3] . Although small scale crop-rangeland mixed systems are
Materials and Methods
Our study area included acequia farming communities and adjacent upland grazing allotments located within Rio Arriba and Taos counties in north-central New Mexico (see map in supplementary materials I) close to the localities of Alcalde (36. Alcalde is a small community that lies on the east side of the Rio Grande neighboring public grazing lands managed by the Bureau of Land Management. El Rito, surrounded by the Carson National Forest, was one of the first Spanish settlements of northern New Mexico [39] and is located on a tributary of the Rio Chama. Lastly, the community of Rio Hondo-Valdez is located north of Taos Valley on a tributary of the Rio Grande. This community rests at the foot of the Sangre de Cristo Mountains, bordering the Carson National Forest. Each site supports livestock production on both private and public grazing lands [18, 26] . The communities of Alcalde, El Rito, and Rio Hondo-Valdez were selected because they: (a) encompass the regional variation in river hydrological regimes available in the region (Alcalde is on the main stem of the Rio Grande, while the other two sites occur on tributaries); and, (b) include communities that continue to practice traditional acequia irrigation, maintaining ancestral community-based water governance customs and institutions.
Annual average maximum and minimum temperatures in Alcalde are 20.1 • C and 1.1 • C, respectively. Total annual rainfall is roughly 257 mm [40] . In El Rito, annual average maximum and minimum temperatures are 18.2 • C and 2.9 • C, respectively, and total annual rainfall is 252 mm [40] . For Rio Hondo-Valdez, the annual average maximum and minimum temperatures are 17.6 • C and −0.5 • C, respectively, and total annual rainfall is approximately 312 mm [40] . July and August are the wettest months at all sites; 30 to 40 % of the year's total precipitation occurs during that time of the year [40] . The entire region is exposed to periodic droughts of varying duration and intensity.
Data were gathered from two kinds of sources: (1) historical records of livestock inventories, drought, and hay production; and (2) a survey of farmers and ranchers of acequia communities in the study area. Thus, our study included both secondary (government statistics) and primary (surveys) data. Historical records were used to investigate valley-upland linkages, whereas the survey instrument assessed the role of livestock-raising on the resilience of acequia farming communities. We define resilience following ([41] p. 1), as 'the capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity, and feedbacks'.
Historical Time Series Data
County-level livestock and hay production data for Rio Arriba and Taos were retrieved from the United States Department of Agriculture National Agricultural Statistics Service online historical datasets [42] . Because no publicly-available farm-or acequia-level statistics exist, county-level data were used as our best proxy for relationships between long term trends in livestock numbers and valley hay production. The acequia-upland systems we studied are commonplace in Rio Arriba and Taos Counties. Virtually all of the hay produced in both these counties comes from irrigated farms in the valleys of the Rio Grande and its tributaries. Most of these farms are thought to be part of traditional acequias [11] .
Livestock census data included cattle and sheep inventories from 1975 to 2011, whereas hay production data for both of these counties covered the 1975 to 2007 time period. Long-term drought data were retrieved from the National Oceanic and Atmospheric Administration (NOAA) website for New Mexico climatic division 2 which includes both Taos and Rio Arriba counties. Three drought indices were included in the analyses: Palmer Drought Severity Index (PDSI); Palmer Hydrological Drought Index (PHDI); and Modified Palmer Drought Severity Index (PMDI) [43] .
Land Cover Data
Land cover data for Rio Arriba and Taos Counties obtained from the United States Geological Survey Gap Analysis Project [44] comprised satellite imagery (Landsat ETM+) from 1999 to 2001 combined with digital elevation model (DEM)-derived datasets to predict natural and semi-natural vegetation. Using the extract by mask toolset in ArcGIS 9 (ESRI, Redlands, CA, USA) the land cover grid file was clipped to the Rio Arriba and Taos county boundaries and then converted to a shape file. The area of each vegetation type within Rio Arriba and Taos counties and for each BLM and USFS allotment (see below) included in our study was calculated. At the county level, all vegetated non-cultivated and non-urban land was considered to have livestock grazing aptitude; thus, grazeable land-area estimates for Rio Arriba and Taos counties were 1,503,603 and 551,941 hectares, respectively.
Historical allotment-level data were obtained from the U.S. Department of Agriculture Forest Service (USFS) and the U.S. Department of the Interior Bureau of Land Management (BLM) Taos Field Offices. Forest Service data covered the period from 1936 to 2011 for 20 grazing allotments in the El Rito (n = 13) and Rio Hondo-Valdez (n = 7) study sites. No USFS grazing allotments were present in the upland areas adjacent to the Alcalde study site. Data retrieved from the Bureau of Land Management covered the period from 1960 to 2011 for 26 BLM grazing allotments surrounding the Alcalde (n = 10), El Rito (n = 8), and Rio Hondo-Valdez (n = 8) study sites. The average BLM and USFS allotment size was 4015 and 7950 hectares, respectively, and the total area covered by the 46 USFS and BLM allotments equaled 285,587 hectares.
Stocking Rate Estimates
Land cover data for Rio Arriba and Taos Counties obtained from the USGS Gap Analysis Project and USDA-NASS livestock inventory historical data sets were used to calculate county-wide stocking rates (SR) [44] . These were calculated as grazeable area per animal unit (see definition below) in any given year. We were unable to find reliable county-level estimates of land conversion rates, but expert knowledge of local county personnel indicated that grazeable area remained close-to-constant throughout the 1975-2011 period.
Data retrieved from each allotment included: (1) number and kind of animal units permitted; (2) number and kind of animal units actually grazed; (3) number of permittees per allotment; (4) area of home base property (deeded land owned by permittee; hectares); and (5) number of grazing permit transfers per allotment (the transfer of allotment grazing privileges from one permitee to another). All allotment data were gathered from the Grazing and Livestock Use Permit System Files, Rangeland Management Planning Files, and Permittee Folders. Allotment boundary layers were retrieved from the USFS Carson National Forest dataset available through the Southwestern Region Forest Service website [45] , and the BLM rangeland allotment layer was obtained from the Bureau of Land Management website [46] . Land cover was also analyzed at the allotment level using the USGS data set described above (see Section 2.1.1.). We overlaid the USGS land cover map on our allotment maps to determine the area corresponding to each vegetation cover type which was expressed as a proportion of the allotment surface area.
To compute animal unit months (AUMs) for both allotment and county-level data in this study, we used the following equation: AUM = (Total Days / Days in Month × Number of Animals) × AUE Animal Unit Equivalent (AUE) was used to transform all livestock numbers to a standard unit (1 AUE = Cow, 1.5 AUE = Horse, and 0.2 AUE = Sheep). Livestock inventory data were then used in the equation to compute county-level stocking rates. All stocking rate data were expressed in Acres × AUM −1 . Given that Acres × AUM −1 is a widely used and well understood metric of stocking rate across the western United States, no metric unit conversion was applied to this ratio. Stocking rate data at the county and study site levels were analyzed using Proc AUTOREG in SAS 9.2 (SAS Institute, Cary, NC, USA) to determine whether a number of factors of interest were significant predictors of year-to-year variation in SR. Year, growing season (June-August) drought indices for NM climatic division 2 (Palmer Drought Severity Index, Palmer Hydrological Drought Index, and Modified Palmer Drought Severity Index), and county-level hay production data were individually regressed against SR. Regression analyses for each study site were also conducted to determine if cattle market prices and SRs (between 1976 to 2010) explained variations in livestock numbers. This approach involved three types of cattle classes: steers (136-181 kg), heifers (136-181 kg), and mature bred cows. Cattle price data were retrieved from CattleFax [47] . Long-term trends were also examined by determining whether SR at the county-level and at each of our study sites had changed detectably over the past 24 to 40 years.
General Durbin Watson (DW) statistics were used to diagnose 1st to 10th order autocorrelation using the stepwise autoregression option. Both the Portmanteau Test statistic and the Engle Lagrange multiplier tests were used to diagnose heteroscedasticity at time lags (years) 1-12. If no autocorrelation or heteroscedasticity was detected ordinary least squares (OLS) regression was used to model the data. Generalized autoregressive conditional heteroscedasticity (GARCH) models or exponential GARCH models were used when diagnostic tests indicated that errors were serially autocorrelated and heteroscedastic. Analysis at the individual allotment level included a subset of 33 grazing allotments from all three study sites. Each of these allotments had more than 20 years of continuous stocking rate data. Diagnostic tests and modeling procedures described above were conducted to determine long term SR trend for each allotment. Subsequently, multiple regression analysis was conducted by regressing the slope of the function describing change in SR over time against a number of predictors including: allotment area (hectares); grazing permit type (multiple vs. individual); number of recorded grazing permit transfers; base property area (hectares); and proportion of vegetation land cover type on the allotment. A stepwise variable selection procedure was used to select the best subset of predictors. Variance inflation was calculated to diagnose colinearity among predictors. PROC REG in SAS 9.2 (SAS Institute, Cary, NC, USA) was used to conduct these analyses.
Survey Data
We used a mixed methods design [48] and developed a questionnaire based on unstructured informal interviews with community leaders and in consultation with a multidisciplinary research team comprised of agronomists, anthropologists, county extension agents, economists, hydrologists, rangeland scientists, and rural sociologists. Professionals from the U.S. Forest Service, the Bureau of Land Management, as well as members of the Northern New Mexico Stockmen's Association, and the Taos Valley Acequia Association provided input on the final version of the questionnaire. The New Mexico State University Institutional Review Board (IRB) approved the survey instrument and protocol used in this study.
As this study set out to identify the linkages between irrigated land use in the valley (acequia farming) and rangeland grazing in the upland, it was established that the population of interest consisted of small-scale livestock operators who owned irrigated farmland and leased federal grazing lands. Since no official registry of members of the population who combined both criteria was readily available, we could not develop a representative sampling frame or report a return rate. Instead, we designed an exploratory inquiry of a little-known population based on group characteristics. We used criterion-based sampling methods including time-location sampling that targets 'everyone present at a particular location during a particular time period' [48] (p. 286), and chain referral, by which key informants identify one or two members of the population who, in turn, help locate others [49] (p. 192). This network sampling method is recommended 'for studying hard-to-find or hard-to-study populations' [49] (p. 192). Respondents surveyed met at least one of the following four criteria: small-scale livestock operators who own irrigated farmland, and/or lease federal grazing lands, and/or are members of an acequia and/or grazing association. Thus, results of this survey can only be definitively used to describe the sampled respondents, rather than as representative of the larger population, or as basis for further generalization.
Approximately half the surveys were handed out at the Northern New Mexico Stockman's Association annual meeting in Taos in January 2013. This meeting is typically attended by ranchers and farmers with small to mid-sized livestock operations, most of whom are members of traditional Hispanic farming and ranching communities of the region. This portion of our survey involved using the time-location sampling strategy [43] . The remaining questionnaires were personally delivered shortly thereafter to farming households with the aid of New Mexico State University extension service personnel using the chain referral method [44] . The first stage in this method consisted of finding and contacting a household who met at least one of the target population criteria. Once the survey was completed, individual (s) were asked to help identify and introduce us to other individuals with similar characteristics or from the same subgroup of the population [50] . Therefore, survey participants included local community leaders, farmers, and ranchers from Taos Valley and from the Alcalde, El Rito, and Rio Hondo-Valdez areas.
The questionnaire included 27 multiple choice and five modified Likert scale questions which were divided into three main sections (See supplementary materials II): (1) Respondent demographics (age, gender, heritage, occupation, income source, and community participation); (2) Farm/Ranch operation characterization (livestock type, herd/flock size, summer grazing and winter feeding management, animal production marketing, size of farming operation, and crops grown); and, (3) Strategies and perceptions (drought and herd liquidation coping strategies, livestock contribution to income, family tradition, benefits of acequia membership, and access to public grazing lands).
Questionnaire data preparation began by grouping answers into broader categories (n ≤ 3) to facilitate statistical analyses of means (See supplementary materials III). Responses were subjected to Chi square analysis to determine whether response frequencies for a given question deviated detectably (p ≤ 0.05) from a uniform distribution. Contingency tables were also built to determine whether a respondent's perceptions and strategies were detectably associated (p ≤ 0.05) with her/his demographics or farm/ranch operation characteristics. JMP 10.0.2 (SAS Institute, Cary, NC, USA) was used to conduct Chi-square and contingency table analyses.
Results

Historical Data
Long-term mean stocking rates (Ac/AUM ± SEM) for the Alcalde, El Rito, and Rio Hondo upland grazing allotments were 20.4 ± 1.5 (n = 41 years, 33.7 ± 1.1 (n = 35 years), and 69.3 ± 4.9 (n = 28 years), respectively. These stocking rates were considerably lower than the county-wide rates (Ac/AUM ± SEM) of 13.62 ± 0.92 and 9.96 ± 0.43 for Taos and Rio Arriba counties, respectively.
A statistically detectable decrease in livestock numbers (i.e., an increase in acres per AUM) in both Taos and Rio Arriba counties was observed over the 35y period analyzed (Figure 1) . However, stocking rates either remained unchanged in the rangeland allotments surrounding Alcalde acequias (β = −0.02; p = 0.91), increased in allotments adjacent to El Rito acequias (β = −0.35; p < 0.01), or decreased in forest allotments above Rio Hondo-Valdez acequias (β = 1.11; p < 0.01) (Table 1, Figure 2 ). Hay production showed an increasing trend in both counties until the year 2000; a marked slump in production, which occurred between that year and 2005 (Figure 3 ) caused the long-term trend to differ between counties. Whereas Taos county suffered a statistically detectable long-term decrease in hay production (β = −85.92; p < 0.01), the opposite was true for Rio Arriba county (β = 176.32; p < 0.01).
County-level decline in livestock numbers coincided with the observed slump in hay production which occurred in the early 2000s. Furthermore, hay production at the county-level was the only significant predictor of year-to-year variation in stocking rates on rangeland allotments adjacent to Alcalde (β = −0.0003; p = 0.03), El Rito (β = −0.0008; p < 0.01), and Rio Hondo-Valdez (β = −0.0013; p = 0.01) acequia communities (Table 1 ). This variable explained more than half of the year-to-year variation in stocking rates of rangelands above El Rito acequias (55%), but only 24% and 14% of the variation in stocking rates of rangelands surrounding Rio Hondo-Valdez and Alcalde acequias, respectively ( Table 1) . None of the three drought indices considered in our analysis were significant predictors of annual stocking rate fluctuations (Table 1) . OLS regression models showed no relationship between cattle prices and year-to-year variation in stocking rates at any of our study sites (data not shown).
Out of the 33 allotments across all three study sites that had more than 20 years of continuous stocking rate data, 10 allotments experienced a decrease in stocking rates, 12 increased their animal numbers, and the remaining 11 allotments showed no change in stocking rates over the period analyzed. Base property area, number of grazing permit transfers, and proportion of the allotment covered by piñon juniper (PJ) woodlands explained 90% of the long-term variation in stocking rates. Smaller base property area, higher number of permit transfers and higher proportion of PJ woodlands were all associated with a long-term decrease in stocking rates ( Table 2) . 
Figure 2.
Annual deviation from long term stocking averages on allotments located on upland watersheds surrounding Alcalde, El Rito, and Rio Hondo acequia irrigation study areas (negative = more livestock; positive = less livestock). Mean stocking rates (Ac/AUM) ± SEM for this period were 20.4 ± 1.5 (n = 41 years), 33.7 ± 1.1 (n = 35 years), and 69.3 ± 4.9 (n = 28 years) for the Alcalde, El Rito, and Rio Hondo upland grazing allotments, respectively. 
Survey Responses
A total of 74 questionnaires were completed by participants who were either present at the Northern New Mexico Stockman's Association annual meeting (n = 49), or who were visited in their homes (n = 25) in El Rito (n = 15), Rio Hondo-Valdez (n = 6), and Alcalde (n = 4) study areas. All participants met at least one of our four selection criteria. Some participants did not provide answers to all questions, therefore the number of individual question responses received ranged between 74 and 50, except for those addressing sheep production and marketing which had the lowest response rate (13 to 23).
Ninety percent of survey respondents were 45 years or older (approximately one third of them were 65 years or older) and 87% of participants were men. Seventy-three percent of individuals self-identified as either farmers (33%), ranchers (15%), or both (25%), whereas retirees accounted for 20% of the surveyed population. Off-farm employment or retirement, however, was identified by 71% of respondents in our sample as the main source of family income. Ninety-four percent of participants belonged to families that had ranched and/or farmed for multiple generations. Ninety-one percent of respondents also indicated that they acquired the skills needed to ranch and/or farm from elder family members. Ninety-three percent of survey participants were members of either an acequia association (19%), a grazing association (20%), or both (54%). Close to 70% of the surveyed sample population self-identified as active members of community organizations such as churches, schools, local fire departments, among others.
Ninety-five percent of surveyed participants raised livestock. Most raised cattle only, whereas a few respondents (15%) raised both cattle and sheep. Cow-calf operations were the most common livestock enterprise (80% of respondents). Fifty-two percent of the surveyed respondents declared herds of less than 50 head of cattle; two thirds of these participants owned 20 head or less. Seventy-four percent of respondents that raised sheep and cattle owned flocks of less than 25 head of sheep. Eighty-three percent of surveyed participants described themselves as "hands on" managers, and more than two thirds (68%) indicated that their families helped with livestock management chores on a regular basis.
Sixty-six percent of respondents leased public grazing lands. Most of these individuals grazed both public and private lands (public primarily in summer and private primarily in winter), whereas a minority (6%) depended solely on public grazing lands. Sixty-eight percent of respondents that leased public grazing lands held a joint permit on the grazing allotment (i.e., their livestock were part of a multiple-owner herd/flock). Sixty-four percent of respondents that leased public grazing lands owned a base property (privately owned land, usually the farm/ranch headquarters) located less than 30 miles from the grazing allotment.
Half of respondents who raised livestock reported that their herd/flock size had decreased over the past fifteen years. The remaining half was evenly divided between those reporting no change and those who had increased the size of their herd/flock. The single most frequently cited factor (42%) limiting respondents' ability to increase herd/flock numbers was the capacity to grow or purchase hay to feed livestock during winter months. Droughts and availability of summer grazing lands, on the other hand, were the least frequently cited factors (18% and 6%, respectively).
More than half of the surveyed population who farmed irrigated land (n = 65; 58%) owned more than 20 acres of farmland. Thirty-one percent owned 5-20 acres of irrigated land, and a small proportion of respondents (11%) owned less than five acres. Most respondents that owned irrigated land grew hay (91%); most used it as forage for their livestock (77%) but in a few cases (14%) hay was grown mostly for sale.
The most frequent strategy adopted by survey participants to cope with drought consisted of a combination of purchasing or storing forage and reducing herd numbers (Figure 4) . Purchasing forage and selling livestock were the most and least utilized strategies, respectively (Figure 4) . Respondents who were members of acequia associations were the most likely to store forage reserves, whereas members of grazing associations were more likely to purchase hay (Chi 2 : 18.51; p: 0.03). Respondents with intermediate cattle herds (20 to 50 head) were more likely to sell livestock in a drought; whereas participants with small (<20 head) and large (>50 head) herds were more likely to either store (small herds) or purchase (large herds) forage to cope with droughts (Chi 2 : 17.96; p: 0.01). Individuals whose livestock grazed on private lands were the most likely to sell livestock in a drought. Conversely, individuals who leased public grazing lands were more prone to feed forage, either stored or purchased, to mitigate the effects of drought (Chi 2 : 12.95; p: 0.04). Respondents with 'hands on' management styles were more likely to adopt a mix of strategies involving both feeding and culling to cope with drought, whereas individuals with 'hands off' or a mix of hands on/off management styles were less likely to sell livestock and more prone to feed either purchased or stored forage (Chi 2 : 14.81; p: 0.02).
If individuals had no choice but to liquidate their livestock, ninety-seven percent of respondents indicated that they would be unwilling to sell their farmland (Figure 4 ). Sixty-six percent would continue to grow hay for sale, a quarter would give up farming but maintain ownership of their fallow irrigated farmland, whereas a minority (5%) would grow other crops (Figure 4) . Only respondents who self-identified as ranchers, or whose herd numbers had declined over the past 15 years, were likely to sell their irrigated farmland if forced to liquidate their livestock. Those who self-identified as farmers, rancher/farmers, retirees, or other, or whose herd numbers had increased over the past 15 years, were much more likely to maintain ownership of their lands and, in most cases, grow hay for sale (Chi 2 : 28.29; p: 0.01).
Respondents who raised both sheep and cattle were more likely to either sell their land or grow crops other than hay if forced to sell off all their livestock (Chi 2 : 10.38; p: 0.02). All participants owning small farms (<20 ha) would adopt strategies that did not involve losing farm ownership, whereas a minority of larger farm owners would consider selling their land if forced to sell off all their livestock (Chi 2 : 15.37; p: 0.02). Small farm owners were much more likely to maintain their farms fallow compared with large farm respondents who were more likely to grow hay for sale (Chi 2 : 17.18; p: 0.01). Only respondents who currently grew hay to feed their livestock indicated that they would consider selling their irrigated land if forced to liquidate their herd (Chi 2 : 16.68; p: 0.01).
Slightly more than half of participants surveyed agreed that owning livestock provides better financial security than growing irrigated crops; very few respondents (13%) disagreed with this notion ( Figure 5 ). Respondents who self-identified as farmers (Chi 2 : 23.54; p: 0.02), or who owned small herds of cattle (<50 head, Chi 2 : 8.96; p: 0.06), or who grazed livestock close to their base property (<30 miles, Chi 2 : 7.50; p: 0.02) were more likely to disagree with the view that livestock provide better financial stability than crops. Conversely, participants who described themselves as being both a farmer and a rancher, or that owned a large herd of cattle (>50 head), or whose grazing lands were far from the base property (>30 miles) were the groups who supported this idea the most. Most surveyed individuals who grazed their livestock close to their base property (<30 miles) also declared off-farm income as their most important source of livelihood. Eighty-four percent of surveyed individuals agreed that livestock-raising was a family tradition ( Figure 5 ). Most participants indicated that their involvement in an acequia association was beneficial to their livestock operation and very few respondents viewed access to public grazing lands as a driving motive to own irrigated lands ( Figure 5 ). Most surveyed individuals who grazed their livestock close to their base property (<30 miles) also declared off-farm income as their most important source of livelihood. Eighty-four percent of surveyed individuals agreed that livestock-raising was a family tradition ( Figure 5 ). Most participants indicated that their involvement in an acequia association was beneficial to their livestock operation and very few respondents viewed access to public grazing lands as a driving motive to own irrigated lands ( Figure 5 ). 
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Discussion
Analysis of time series data from a number of independent sources (NOAA, USDA-NASS, USDA-USFS, and USDI-BLM) showed intriguing connections between valley hay production and upland livestock grazing. The driest year of the historical time series we analyzed (2002; PDSI-3.8) coincided with a hay production nadir in both Rio Arriba and Taos Counties and preceded a stocking rate nadir in both counties, but especially Taos. Allotments surrounding our study sites did not experience significant declines in livestock numbers in the early 2000s (note that study site allotments were stocked very lightly compared with county-wide rates), nonetheless, county hay production, our best proxy for availability of valley hay at each site, was the only factor out of several predictors analyzed that was detectably associated with stocking rate fluctuations at all three sites. Interestingly, the strongest positive relationships between hay production and rangeland stocking rates occurred 
Analysis of time series data from a number of independent sources (NOAA, USDA-NASS, USDA-USFS, and USDI-BLM) showed intriguing connections between valley hay production and upland livestock grazing. The driest year of the historical time series we analyzed (2002; PDSI-3.8) coincided with a hay production nadir in both Rio Arriba and Taos Counties and preceded a stocking rate nadir in both counties, but especially Taos. Allotments surrounding our study sites did not experience significant declines in livestock numbers in the early 2000s (note that study site allotments were stocked very lightly compared with county-wide rates), nonetheless, county hay production, our best proxy for availability of valley hay at each site, was the only factor out of several predictors analyzed that was detectably associated with stocking rate fluctuations at all three sites. Interestingly, the strongest positive relationships between hay production and rangeland stocking rates occurred at the El Rio site which included only summer grazed USFS allotments. Conversely, the weakest valley hay-rangeland stocking rate relationship was found in allotments surrounding Alcalde, almost all of which consisted of winter-or spring-grazed BLM rangeland. The Taos study site, which exhibited intermediate strength in valley hay-upland stocking rate relationships, included a mix of summer-grazed USFS allotments and winter-grazed BLM rangeland.
Valley hay-upland grazing connections emerged once again in our analysis of individual allotments. The size of the base property (irrigated farm area) partially explained why cattle numbers increased on some allotments yet decreased on others. Smaller base properties (limited ability to grow hay) were associated with long term declines in allotment stocking rates, whereas the converse was true of allotments with larger home base properties. Increased woodland encroachment in the uplands (PJ cover) and land tenure instability (number of permit transfers) were also associated with decreasing stocking rates on allotments. These trends are consistent with region-wide research results that show associations between declines in livestock numbers and each of these factors [37, 38, 51] .
Regardless of whether participants self-identified as farmers, ranchers, or both, 95% of survey respondents raised livestock (mostly cow-calf), 90% of participants who owned irrigated land grew hay (mostly to feed their livestock), and close to two thirds of participants leased rangeland from the federal government to graze their livestock during part of the year. A majority of the latter held joint grazing permits and were members of acequia and/or grazing associations. As in the early days of Spanish colonial settlement, contemporary acequia communities continue to rely on agricultural endeavors that involve strategic integration of upland and valley natural systems. Current day small-scale pastoral enterprises (52% of respondents owned less than 50 head of cattle) appear to not only provide a means of connecting the use of these two types of land, but also of maintaining family traditions and fostering community cohesiveness, both of which emerged as important cultural values among survey participants in this and in previous studies [26, 27, 30, 32] .
More than half of survey participants in our study agreed with the notion that raising livestock provides better financial security than growing crops. For most farmers engaged in smallholder agropastoralism worldwide, livestock are not only a tradeable commodity but also serve as a preferred wealth store [52, 53] and a source of cash in hand to cover household emergencies [3] or as an insurance to mitigate the consequences of crop loss during droughts [54] . Similarly, small-scale Hispanic farmers of northern New Mexico view livestock "as banks-on-the-hoof, which can be used in hard times" and serve "as a back-up resource for emergencies, for periods of unemployment, or for special needs such as college tuition for the children" ([27] p. 543).
In small-scale agropastoral systems worldwide, income from crops usually outweighs livestock contributions to the household economy [1] . Conversely, acequia farmers in our study area appear to have become increasingly less food crop-reliant and more engaged in pastoralism. Historically, acequia communities grew a wider variety of crops including beans, wheat, maize, and alfalfa [27] but throughout the second half of the 20th century, in some valleys parcels of farmland became larger [14] and percentage of irrigated land used to grow hay, particularly alfalfa, increased steadily [13] . Less than 10% of survey respondents in this study grew crops other than hay and when asked about preferred strategies in an extreme situation of forced herd liquidation, very few participants (5%) viewed switching to other crops as a viable alternative. Most survey respondents indicated that they would continue to grow hay for sale. The fact that for most respondents off-farm employment or retirement was the main source of family income, a phenomenon somewhat analogous to out-migrant remittances in developing world agropastoralism (e.g., [55, 56] ), perhaps explains the transition toward less time-consuming pastoral-based farming systems.
Despite a historical sharp decline in public land grazing permits [14, 27] , a fact often cited in land tenure litigations [33] , only half of survey respondents reported that their herd/flock numbers had decreased over the past fifteen years. The remaining half was evenly divided between those reporting no change (25%) and those who had seen an increase in the size of their herd/flock (25%). Recent herd dynamics, however, were significantly associated with a respondent's apparent willingness to sell their ancestral irrigated land and presumably abandon the acequia-centered life style if forced to liquidate their livestock. The very few respondents (3%) who expressed willingness to sell their farmland were individuals who had seen their livestock herd wane in recent years. This finding, while numerically minor, might not be trivial in terms of community resilience. Further research is needed to determine the connections between loss of livestock and the decision to abandon acequia farming in our region.
Given the long history of litigation over rangeland tenure rights between heirs of Spanish and Mexican Land Grants and the federal government [26] [27] [28] 33] , we were surprised to find that availability of summer grazing lands (almost entirely public lands) was the least frequently cited factor (6% of responses) limiting respondents' ability to increase the size of their livestock herds. The capacity to grow or purchase hay to feed livestock through the winter months was the single most frequently cited factor (42% of responses). Although winter or dry season forage bottlenecks are common in most pasture-based livestock systems around the world [57] and even though it is well known that supplement feed is the costliest element of rangeland-based cow-calf operations [58] , the apparent central role of hay in regulating livestock numbers across our study area (as shown in our historical data analyses) was somewhat unexpected.
Among examples of long-enduring common pool resources (CPRs), the Nobel Prize economist Elinor Ostrom [6] highlighted the case of communal grazing land tenure of high altitude meadows and forests of Tröbel, Switzerland. In those systems, which date back to the 13th century, farmers plant crops (including hay) on privately owned land and communally graze the uplands. Interestingly, upland grazing regulations established as early as the 16th century, stipulated that "no citizen could send more cows to the alp than he could feed during the winter" [8] (p. 139), a land use practice that is thought to explain why these agropastoral communities were able to endure centuries of socio-ecological change. The New Mexico acequia systems we studied appeared to exhibit some of the core elements of the secret to Tröbel's endurance [6] ; i.e., production of forage for winter use appeared to regulate levels of summer livestock herbivory in the upland. Initially, public land permits in the USA had similar stipulations to those of Tröbel; however, the Swiss agropastoral villages [6] and the systems we studied are possibly different in terms of spatial connectivity of agricultural production of valleys and adjacent uplands. Only about a third of survey respondents (data not shown) in our study grazed their livestock on public lands within 10 miles of their base property (irrigated land).
We suspect that since the days of Spanish and Mexican Land Grants [26] , acequia pastoralism has experienced increasing spatial decoupling of valley farming and upland grazing. This phenomenon might be partly to blame for patterns of land tenure litigation and conflict observed in our study area. If, as our data suggest, upland stocking rates are mostly regulated by the ability of farmers to feed their livestock through the winter, El Rito would have been the site where valley regulation of upland stocking rates should have been strongest. Yet associations of permitees who graze their livestock on allotments above El Rito have exhibited the highest levels of litigation and opposition to USFS grazing regulations in the recent past (e.g., [36] ). We speculate that an increasing number of these permitees own base properties outside of the El Rito valley, the least productive of our study sites. This valley-upland decoupling has possibly led to a situation of relaxed winter forage constraints, increased demand for summer forage on public lands, and a logical increase in the levels of litigation and conflict. Interestingly, allotments above El Rito were the only ones to show an increase in stocking rates over the past 30 years. Further research will be needed to determine the connections between spatial proximity of valley hay production and upland grazing lands and the resilience of acequia agropastoral systems.
Conclusions
Our study was exploratory in nature and included a small (yet significant) sample of the estimated 800 acequias in existence in north-central New Mexico and southern Colorado [11] . Nonetheless, to our knowledge, ours was the first to address the valley-upland system as a whole. As such, our study makes original contributions to the understanding of traditional agropastoral systems in the southwestern USA. The resilience of these systems appears to depend on close connection of uplands and valleys which apparently occurs at multiple levels. At the most basic level, hydrological connection between the upland watershed and downstream valleys allows for crop/hay production and household water provisioning [22] . Spatial connectivity is obviously essential at this level. At another level, there appear to be livestock-mediated connections that allow integrating forage productivity of upland rangelands and downstream valleys. Increased snowmelt in the upland forests yields more water in the valley acequias leading to higher hay production, which can promote growth in livestock numbers. The opposite occurs in years of water scarcity. This agro-biophysical feedback loop perhaps lies at the core of the resilience and sustainability of traditional agropastoral communities of northern New Mexico. Spatial decoupling of valley and adjacent rangeland agricultural activities could short-circuit this hypothesized water-mediated feedback loop and cause a breakdown in the system's ability to self-regulate and persist, a phenomenon that should be considered in future allocation of public rangeland livestock grazing permits.
Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/6/2021/ s1; Figure S1 : Map of study sites; Table S1 : Survey questionnaire; Table S2 : Coding of questionnaire responses for analysis.
Author Contributions: S.C.L. conducted the surveys, gathered historical data, prepared data for analysis, and developed a first draft of the manuscript. A.F.C. designed the study, conducted statistical analyses, and developed the final draft of the manuscript. U.R.S. helped develop questionnaires and conduct surveys. S.J.G., A.G.F., and C.G.O. played a critical role in study design and provided input into manuscript development. K.G.B. provided land cover data for New Mexico and helped develop the final draft of the manuscript. L.C. provided crucial expertise and input on survey data interpretation. 
